Introduction
Animal venoms are sources of biologically active peptides, mainly ion channels toxins. So far several hundreds of peptide sequences have been reported from some of the most studied venomous organisms such as scorpions, snakes, cone snails and spiders [44] . The strategies employed for the discovery of these peptide toxins have generally involved bioassay-guided chromatographic purifications followed by chemical and pharmacological characterizations.
More recently peptidomic/proteomic and genomic (transcriptomic) approaches have converged into venomics to accomplish whole venom analyses that speed up the finding of new peptides and proteins of taxonomical and pharmacological interest [11, 12, 17, 20, 28, 31, 34, 50, 51, 53, 57, 61, 62, 67, 69, 79, 81, 82, 85] , through the combination of advanced liquid chromatography, mass spectrometry and molecular biology techniques. On the other hand, the history of venom analyses in sea anemones is just starting, hitherto comprising only two reports [45, 85] . After 40 years of bioassay-guided purifications of sea anemones peptide toxins, the first peptidomic analysis of a sea anemone (Bunodosoma cangicum) [85] was reported, allowing the detection of 81 components including 9 novel peptides. Subsequently, 43 novel sequences were discovered by the transcriptomic analysis of Anemonia viridis (formerly Anemonia sulcata) [45] . These two recent studies, together with the long history of bioassay-guided purifications, account for about a total of 150 peptide sequences so far discovered from less than 35 sea anemone species, which have been barely explored since the peptide diversity contained in sea anemones species is highly superior [45, 85] to the number of toxins currently discovered from them. Therefore, in addition to the known ion channel toxins, protease inhibitors and cytolytic peptides isolated from sea anemones, many other families of peptides with novel structures and biological targets await being discovered and characterized [63] .
Stichodactyla helianthus (family Stichodactylidae, genus Stichodactyla) and Bunodosoma granulifera (family Actiniidae, genus Bunodosoma) are among the previously studied sea anemones. However, few toxins have been isolated either from whole extracts or from mucus [2, 14, 21, 32, 43, 47, 72] , and there are no reports describing in greater detail the peptide diversity present in the neurotoxic fractions of these species. For such purpose, it has been previously shown the suitability of starting from the sea anemone mucus since it is rich in toxic components, and does not contain animal body contaminants [85] , in contrast to whole body extracts. The previous peptidomic report employed sea anemone venom extracted by electrical stimulation of specimens in isolated marine environment [85] . Another mucus extraction methodology is based on immersion of the animals in distilled water [30, 43, 72] , producing a sea salt-free sample without requiring any electrical equipment. However this methodology has not been combined with peptidomic studies of sea anemones.
In the present work, the mucuses of S. helianthus and B. granulifera were obtained by immersion of live specimens in distilled water. The resulting samples were fractionated in Sephadex G-50 to isolate their respective neurotoxic pools, which were submitted to reversed-phase chromatography. The resulting fractions were analyzed by mass spectrometry and tested for their toxicity to crabs. Peptide diversities were described in terms of molecular mass and hydrophobicity, and compared with previous results obtained from B. cangicum [85] . Moreover, a transcriptomic analysis of B. granulifera based on cDNA sequencing by the 454 GS Junior pyrosequencing system revealed the existence of new APETx-like peptides; some of them were identified among the isolated peptides. Several reversed-phase fractions inducing a variety of toxicity symptoms on crabs were found, some of them presumably belonging to new classes of toxins.
Materials and methods

Extraction of sea anemone secretion and chromatographic procedure
Ten B. granulifera specimens and two S. helianthus specimens were collected at the northeast coast of Havana, Cuba, and carried to the laboratory. All specimens of the same species were immersed in 500 mL distilled water during 10 min to extract the secreted mucus, according to a previous report [72] . Both exudates were lyophilized, dissolved in 0.1 M ammonium acetate, and centrifuged at 2000 × g during 30 min to remove cloudiness. Then, the samples were fractionated by gel filtration chromatography using a Sephadex G-50 column of dimensions 1.9 cm × 131 cm (Amersham Biosciences, Uppsala, Sweden), as previously described by Lagos et al. [46] . The respective neurotoxic fractions of B. granulifera and S. helianthus were defined within the same elution volumes as Bcg-III (2-5 kDa approximately), the neurotoxic fraction of B. cangicum venom, previously obtained from a similar Sephadex G-50 column [46] . The neurotoxic fractions from B. granulifera and S. helianthus were submitted to reversed-phase HPLC in an ÄKTA Purifier system (Amersham Biosciences, Uppsala, Sweden) using a semi-preparative column, CAPCELL PAK C-18, 10 mm × 250 mm (Shiseido Corp., Kyoto, Japan). The HPLC conditions used were: 0.1% trifluoroacetic acid (TFA) in water (solvent A) and acetonitrile containing 0.1% TFA (solvent B). The chromatographic runs were performed at a flow rate of 2.5 mL/min using a 10-60% gradient of solvent B over 40 min, after an isocratic step using 10% ACN during 2.25 min. UV detection was monitored at 214 and 280 nm. Each of the individual sub-fractions from Fr 3-4 were manually collected and lyophilized or concentrated for further molecular mass assessments by MALDI-TOF mass spectrometry. Most intense fractions were re-purified in an analytical column (CAPCELL PAK C-18, 4.6 mm × 150 mm i.d.), using a slower gradient of 0.5%B/min to achieve better resolution.
The retention of a peptide expressed as percentage of acetonitrile (%ACN) was estimated from the formulas %ACN = 100 and [78] , therefore %ACN e = %ACN 0 + ( %ACN/t G )·(t R − t 0 − t D ), being t R the retention time of compound X; t 0 the elution time of a nonretained compound (6 min), t D the equipment dwell time (0.25 min), %ACN/t G the gradient slope (50%/40 min = 1.25%/min), %ACN e the percentage of acetonitrile at elution of compound X, %ACN 0 percentage of acetonitrile at the gradient start (10%). Then, %ACN e = 10% + 1.25%/min·(t R − 6.25 min). Considering the previous isocratic step, at 10% ACN during 2.25 min, t delay = 2.25 min is introduced in the calculation so %ACN e = 10% + 1.25%/min·(t R − 8.50 min).
The proteinaceous contents of the secretions and neurotoxic fractions were estimated by the bicinchoninic acid (BCA) method [77] following the manufacturer's instructions (Pierce, Rockford, IL, USA).
Mass spectrometry analyses
Reversed-phase chromatographic fractions were submitted to mass spectrometric analyses, which were carried out using an AutoFlex III MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, USA), controlled by the FlexControl 3.0 software (Bruker Daltonics, Billerica, USA). The samples were mixed with two different matrixes (i) ␣-cyano-4-hydroxycinnamic acid matrix solution (1:2, v/v) and (ii) super-2-hydroxy-5-methoxybenzoic acid (s-DHB) (1:2, v/v) directly into a MTP AnchorChip 600/384 MALDI target plates (Bruker Daltonics, Billerica, USA) and dried at room temperature. Protein average masses (5000-20,000 Da) were obtained in linear mode with external calibration, using the Protein Calibration Standard (Bruker Daltonics, Billerica, USA). The peptide monoisotopic masses (900-5000 Da) were obtained in reflector mode with external calibration, using the Peptide Calibration Standard (Bruker Daltonics, Billerica, USA). The mass spectrometric data analyses were performed using the software FlexAnalysis 3.0 (Bruker Daltonics, Billerica, USA). Software GPMAW 9.0 (Lighthouse Data, Denmark) [66] was used for the theoretical calculations of molecular masses. Sea anemone peptide sequences used for calculation of molecular masses of known toxins were extracted from [63] . Venom maps were constructed by using Microsoft Excel 2007 (Microsoft, USA). The histograms were constructed with the statistical software Origin 6.0 (Microcal Software, MA, USA).
Transcriptomic analysis
2.3.1. RNA extraction, reverse transcription and 454 pyrosequencing Based on the results obtained in the molecular masses measurements of the peptides, as well as the higher abundance of toxins in B. granulifera, we decided to focus our analysis only on the transcriptomics of this species. The total RNA was extracted from tentacles tissues of B. granulifera specimens using the TRIZOL ® reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. DNA digestion was performed using DNase I (Sigma, St. Louis, MO). After DNase I treatment, total RNA was purified using RNeasy Mini Spin Column (Qiagen). The quality and quantity of the total RNA were detected using RNA 6000 pico LabChip ® kit in Agilent 2100 bioanalyzer. Also, the total RNA quantity was measured using Quant-iT TM RNA BR Assay Kit in Qubit ® 2.0 Fluorometer. cDNA was synthesized using Roche double-stranded cDNA synthesis kit (Roche Applied Sciences, USA) from total RNA with oligo (dT) 20 primer. A cDNA library was prepared using cDNA rapid library preparation method kit (Roche Applied Science, GS Junior Titanium Series, USA) according to manufacturer's instruction. Approximately 500 ng of DNA was fractionated into smaller fragments (300-500 base pairs) that are subsequently polished (blunted) and subjected to adaptor ligation. The optimal amount of cDNA was adjusted to single DNA copy per bead for emulsion PCR (emPCR). Finally, the sequencing was performed in the GS Junior pyrosequencing system (Roche 454 Life Sciences, Branford, CT, USA).
Sequence assembly and bioinformatics
EST reads were assembled to contigs by using GS Junior Assembler software. Contigs were mapped to the NCBI non-redundant databases using MAQ (v0.7.1) [49] .
Sequence similarity search and molecular modeling
The following softwares were used in the present work: FASTA, http://www.ebi.ac.uk/Tools/sss/fasta/ [65] for identifying related sequences retrieved from UniProt Knowledgebase; Clustalw2.1, http://www.ebi.ac.uk/Tools/clustalw2/index.html [48] for multiple sequence alignment of new peptides and related sequences; Jalview, http://www.jalview.org/ [83] for illustrating conserved amino acid; I-TASSER, http://zhanglab.ccmb.med.umich.edu/I-TASSER/ [70, 87] for peptide molecular modeling and structure prediction; Deep View Swiss-pdb Viewer 4.0.1, http://www.expasy.org/spdbv/ [33] for viewing and calculation of electrostactic potentials of the peptide structures and models and PyMol (The PyMOL Molecular Graphics System, Version 1.2, 254 Schrödinger, LLC., http://www.pymol.org/) for viewing the structures and models. The structures of APETx1 (PDB ID: 1WQK) and APETx2 (PDB ID: 1WXN) were downloaded from the Protein Data Bank. APETx1 structure (PDB ID: 1WQK) was used as a template by I-TASSER software for the molecular modeling of the toxins. The estimated accuracy of the models were evaluated by I-TASSER software, and were validated by the tools Anolea, DFire, QMEAN, Gromos, Promotif and ProCheck, available in the "structure assessment" tool of the SWISS-MODEL structure homologymodeling server (http://swissmodel.expasy.org/workspace/) [3] [4] [5] 40, 42, 56, 88] . All the graphic designs represented were rendered by PovRay (version 3.6 by Persistence of Vision Raytracer, Pty., Ltd.).
Crab bioassay
The reversed-phase chromatographic fractions were assayed on male shore crabs Uca thayeri weighing 2-4 g, based on the well know crab bioassay used for detection of sea anemone neurotoxins [7, 76] . Samples were injected (10 L/g crab weight) into the base of the third walking leg. A dose of 2 g/g crab weight (2000 g/kg) was assayed for toxicity screening and 6 crabs were used per sample. The toxicity was considered positive when the crabs placed upward were unable to right themselves within two hours after toxin administration. Furthermore, symptoms evoked by toxin administration were carefully observed.
Results
Extraction of sea anemone mucus. Separation of the neurotoxic fractions
The immersion of S. helianthus in distilled water yielded 178 mg (average: 89 mg/specimen) whereas B. granulifera specimens yielded 203 mg of total proteinaceous content (average: 20.3 mg/specimen). Both exudates were submitted to gel filtration chromatography in Sephadex G-50 ( Fig. 1A and B) . The chromatographic profile of B. granulifera exudate comprised 6 main fractions (Fig. 1B) and it was very similar to the Sephadex G-50 profile of B. cangicum, despite these exudates were obtained from different sea anemones by using different extraction protocols. The neurotoxic fractions of S. helianthus and B. granulifera were named as Sh-3-4 and Bg-3-4, respectively. The neurotoxic fraction of S. helianthus (Sh-3-4) yielded 15 mg of peptide content (8.4% of the total proteinaceous content), and B. granulifera (Bg-3-4) 30 mg (14.8%).
Reversed-phase HPLC and mass spectrometry analyses
The reversed-phase and mass spectrometry data allowed the construction of peptide fingerprints of S. helianthus and B. granulifera, in terms of hydrophobicity and molecular mass. Additionally, the data obtained from a previous similar study of B. cangicum [85] was used for comparison with the sea anemones species involved in the present study. Aiming to facilitate the comparison among reversed-phase fractions, those were named similarly to the previous work [85] . Thus in the present study, the reversed-phase fractions were named as Sh or Bg (abbreviation of S. helianthus and B. granulifera) followed by a number representing the retention time (shown in Table 1 ). For example, Bg 6.11 is the RPC18 fraction from B. granulifera, eluted at 6.11 min.
The neurotoxic fractions (Sh-3-4 and Bg-3-4) were submitted to reversed-phase-C18 high performance liquid chromatography. Thirty six fractions were collected from the S. helianthus neurotoxic pool Sh-3-4 ( Fig. 2A) ; most peptides eluted within a narrow range of retention times in reversed-phase chromatography, approximately 17-27 min (20-33% acetonitrile). A total of 113 peptide components were found (Table 1, Fig. 3A) , ranging from 1275.9 Da to 8615.5 Da, with the highest frequency between 1500 and 2000 Da (Fig. 3D ). On the other hand B. granulifera (Bg-3-4) yielded 53 fractions from a more complex reversed-phase profile (Fig. 2B) , exhibiting a richer elution pattern in relation to S. helianthus, in the range 10-35 min (12-42% acetonitrile). The B. granulifera neurotoxic fraction ( Table 2 , Fig. 3E ) also yielded a larger number of peptide components (156), with molecular masses from 1221.6 Da to 6983.1 Da, but more frequently within the range of 4500-5000 Da (Fig. 3E) . B. granulifera and B. cangicum [85] , which belong to the same genus, share a similar complexity regarding their reversed-phase profiles ( Fig. 2B and C) , being the group of highly abundant and hydrophobic 4-5 kDa peptides with t R > 25 min (>32% acetonitrile) their most distinguishable feature. However, only 81 different molecular masses were found in B. cangicum, 78 of them above 1000 Da; with the highest occurrence within the range of 4500-5000 Da (Fig. 3F) , similarly to B. granulifera, mainly due to the last eluting intense peaks mentioned above. On the contrary, such cluster of abundant and hydrophobic 4-5 kDa peptides is absent in S. helianthus.
A common feature of these sea anemone species is the presence of a notable peptide population in the range of 1.5-2 kDa (Fig. 3D-F) . In both Bunodosoma species these peptides are present among the early eluting fractions ( Fig. 3B and C) , whereas in S. helianthus they can be found scattered throughout the reversedphase profile (Fig. 3A) .
Known sea anemone peptides isolated from S. helianthus and B. granulifera were identified by comparing their molecular masses with our experimental values. Thus ShI (5136.8 Da) [43] was located in fraction Sh 27.26 (5139.1 Da), ShPI-2 (6197.0 Da) [22] Reversed-phase C18 HPLC profiles of pools 3-4 from gel filtration chromatography. Every sample (0.6-1 mg) was dissolved in 0.1% TFA and injected into a CAPCELL PAK C-18, 10 mm × 250 mm HPLC column (Shiseido Corp., Kyoto, Japan). Solvents (A) 0.1% TFA/water; (B) 0.1% TFA/acetonitrile. The separations were performed at a flow rate of 2.5 mL/min using a 10-60% gradient of solvent B over 40 min. Fractions containing known toxins and the new APETx-like peptides are marked with asterisk (see Table 1 ). (A) Stichodactyla helianthus: 12 (protease inhibitor ShPI-2 [22] ) and 31 (type 2 sodium channel toxin ShI [43] ShK (4054.8 Da) [14] and ShPI-1 (6109.9 Da) [22] could not be identified among the reversed-phase fractions.
Unlike other venomous animals [19, 27, 29] , not a single sea anemone neurotoxin has been found in two or more species even belonging to the same genus. In the previous peptidomic study of a sea anemone, the peptides Bcg 25.96 (B. cangicum) 
Transcriptomic analysis
Considering the diversity of peptides with the mass range of 4000-5000 Da in the final portion of the RPC18 chromatogram of B. granulifera neurotoxic fraction (Bg-3-4), and the higher abundance of mass signals in this species, we decided to focus our transcriptome analysis on these proteins. Transcriptome profiling with cDNA new generation sequencing technology was used to identify some of the expressed genes of B. granulifera. The mRNA was isolated for the preparation of a library and subsequent pyrosequencing analysis. The total number of tags per library was approximately 59,000, with average read length of about 292 bp, which assembled 1.603 contigs. The contigs were mapped to the NCBI non-redundant databases. A preliminary data mining could reveal five matches with annotated genes encoding novel peptide toxins from the sea anemone B. granulifera, having from 317 to 524 bp. The full coding sequences (CDS) were obtained for four out of the five matches, including the complete translated sequences of the precursors and mature regions for neurotoxins within the mass range of 4-5 kDa (mature products), as shown in Fig. 4A and B .
Translation of the nucleotides retrieved could reveal sequence similarity to other known sea anemone toxins. A sequence similarity search (http://www.ebi.ac.uk/Tools/sss/fasta/) indicated that these peptides share homology with type 3 potassium channel toxins APETx1 [24] , BDS-I and BDS-II [26] [85] , BcIV [64] and BcV (accession number P86470). The highest sequence identity (57-65%) of the new toxins was observed in relation to APETx1 or APETx-like peptides. Moreover, multiple sequence alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2/) showed that these new toxins are structurally close to each other (Fig. 4A) , and therefore can be considered as new members of the APETx-like peptide group [64, 85] . Given than their molecular targets are still unknown, these peptides (mature region, Fig. 4A) were Table 2 Peptide fingerprint data of the neurotoxic pool Bg-3-4 from Bunodosoma granulifera.
RPC18 sample
Retention named as U-AITX-Bg1a, U-AITX-Bg1b, U-AITX-Bg1c, U-AITX-Bg1d, and U-AITX-Bg1e (nucleotide sequences deposited at the EMBL Nucleotide Sequence Database having the following accession numbers assigned: HE577144, HE577145, HE577146, HE577147 and HE577148, respectively) according to the nomenclature system proposed by King et al. [44] . Their theoretical molecular masses are 4586.3 Da (U-AITX-Bg1b), 4921.6 Da (U-AITX-Bg1c), 4684.4 Da (U-AITX-Bg1d), and 4142.9 Da (U-AITX-Bg1e); some of them match our experimental values determined in fractions Bg 32.67 (4588.0 Da), Bg 34.22 (4684.1 Da). On the other hand U-AITX-Bg1a was not completely sequenced at the N-terminus; nonetheless the multiple sequence alignment (Fig. 4A) suggested that the missing fragment is GT. Accordingly, the molecular mass of U-AITX-Bg1a should be 4593.3 Da which is in good agreement with the molecular mass of Bg 30.66b (4592.5 Da). For more clarity, refer to Figs. 2B and 3B to observe the peaks from RPC18 chromatography corresponding to the mentioned peptides.
We should also stress that on sequence similarity search procedure, a translated nucleotide sequence from Anthopleura elegantissima encoding a putative neurotoxin (GenBank ID: gi|193259782) similar to these U-AITX-Bg1a-e peptides was identified [68] . We named it as U-AITX-Ael1a, following the nomenclature proposed by King et al. [44] . Even though its initial Met amino acid in the precursor is not determined, we may assume that its full CDS is as shown in Fig. 4B , based on the similarity in the alignment with the U-AITX-Bg1a-e peptides here reported. Interestingly, the precursors of U-AITX-Ael1a, U-AITX-Bg1b-d are closely related and present the KR cleavage site, as usual for most of the sea anemone neurotoxins. On the other hand, U-AITX-Bg1e precursor is more variable, being nine amino acids longer than the others and presenting the RR cleavage site. This is the first report of full CDS and precursors for this family of sea anemone toxins, and curiously, species from different genera (Bunodosoma vs. Anthopleura) present similar precursors, an unusual granulifera mature peptides U-AITX-Bg1 (a-e) and homologues: type 3 potassium channel toxins APETx1 [24] , BDS-I and BDS-II [26] from Anemonia viridis (formerly Anemonia sulcata), the ASIC3 toxin APETx2 [23] and APETx-like peptide U-AITX-Ael1a (deducted from data published in [68] ) from the sea anemone Anthopleura elegantissima, APETx-like peptide fragments Bcg 25.52, 28.78, 29.21 and 31.16 [85] from Bunodosoma cangicum, APETx-like toxins BcIV [64] and BcV (P86470) from Bunodosoma caissarum. Asterisks before each toxin name denote peptides which have the complete precursors determined. (B) Multiple sequence alignment of precursor fragments of U-AITX-Bg1 (b-e) and U-AITX-Ael1a. The columns containing entirely conserved positions with identical amino acids are shadowed in black and marked with asterisks, whereas columns shadowed in gray are mainly composed of identical or similar amino acids.
characteristic of sea anemone genes [58] [59] [60] . On the contrary, the similarity search against the EST database of A. viridis (39, 939 ESTs) provided no match to these toxins, revealing that such a category of peptides is not expressed in that species, in agreement to Kozlov and Grishin [45] .
Molecular modeling
Molecular models of U-AITX-Bg1 (a-e), U-AITX-Ael1a and BcIV obtained by the I-Tasser server are represented in Fig. 5 . The C-score for each model, as predicted by I-TASSER server were 0.861, 0.814, 0.769, 0.882, 0.570, 0.953 and 0.395 (typically in the range from −5 to 2, higher values signifies a model with a high confidence), respectively. Also, their QMEAN scores and other parameters showed adequate values (data not shown), confirming a good agreement of structures based on APETx1 template and validating our models. Similarly to APETx1 [15] and APETx2 [16] , the new APETx-like peptides U-AITX-Bg1 (a, b, d, and e) are composed of a compact core comprising four-stranded ␤ sheets, from which the loop (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) and the N-and C-termini emerge. The ␤ sheets sequence obeys (with slight differences) the APETx pattern: residues 3-6 (strand I), 9-14 (strand II), 28-32 (strand III) and 35-39 (strand IV), are connected by a type II ␤-turn (between strands I and II), a loop (between strands II and III) and a type I ␤-turn (between strands III and IV). On the other hand, the third strand (28) (29) (30) (31) (32) and the type I ␤-turn, next to this one, are replaced by the loop (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) in the U-AITX-Bg1c model. Nevertheless nearly all amino acid residues that compose the basic/aromatic and basic/hydroxyl clusters proposed as interaction surface of APETx2 with ASIC3 [16, 25] , are conserved in U-AITX-Bg1c (see Fig. 5B ). These are R17, R31, F15, Y16, Y32, F33 (basic/aromatic cluster), and S9, K10 (basic/hydroxyl cluster) in APETx2 (see Suppl. Fig. 1B ), which are represented by R18, K19, Y15, W16, Y32, F33 (basic/aromatic cluster) and T9, K10 (basic/hydroxyl cluster) in U-AITX-Bg1c. Moreover, although R31 is absent in U-AITX-Bg1c it is worthy of mentioning that R36 is spatially near to R18 and K19; therefore it can be considered as part of the basic/aromatic cluster. Regarding APETx1, it has been proposed an interaction surface comprising the aromatic residues Y5, Y32, and F33, two basic residues, K8 and K18, and three aliphatic amino acids, G7, G31 and L34 [15] . More recently K18 and L34/F33/Y32 have been proposed to be involved in the interaction with hERG channel [86] . Among the new APETx-like peptides, U-AITX-Bg1d is the closest to APETx1 regarding the conservation of all these amino acid residues, which are represented by W5, Y32, F33, K10, K17, G7, G31, and M34 (see Fig. 5B ).
Interestingly, as observed also in Fig. 5B , the other peptides U-AITX-Bg1a and 1b do not show positively charged amino acid residues located closely to R17 and R31 positions of APETx2. Those molecules only present a single K8, which is exposed together with F5 and W5 near the N-termini of U-AITX-Bg1a and 1b, respectively. In addition, the electrostatic potentials of such molecules vary a lot, and U-AITX-Bg1a and 1b are the less charged ones. On the contrary, U-AITX-Bg1c and 1e present the most dense positive surfaces. In Suppl. Fig. 1C and D we also depict the electrostatic potentials of APETx1, APETx2, BcIV and the putative new U-AITX-Ael1a. Also, in the same Suppl. Fig. 1B the distribution of positively charged and aromatic residues in U-AITX-Ael1a suggests that such a peptide may represent a "chimera" of contact surfaces of either APETx1 or APETx2.
Crab bioassay
The crab bioassay is a simple test widely used for the detection of sea anemone toxins [6] [7] [8] 10, 35, 37, 38, 54, [73] [74] [75] 80] , mostly acting on sodium channels. Envenomed crabs exhibit a severe paralysis within seconds or few minutes after the injection of a sodium channel toxin. Reactions comprise an initial spastic and tetanic phase, and a later rigid phase followed by death of the crabs [80] . On the other hand, several sea anemone peptides belonging to other classes of toxins have been also discovered, through a careful observation of symptoms provoked on crabs [35, 37, 38, 75] .
In the present work we tested all fractions obtained by reversedphase chromatography. In total, 23 toxic fractions (6 from S. helianthus and 17 from B. granulifera) were found (Table 1) . From . Some particular cases are worthy of highlighting given the early onset of marked paralysis symptoms followed by death of crabs. Fraction Sh 27.26 exhibited a strongly paralyzing effect with lethality to crabs, as expected from the sodium channel toxin ShI [43] which has a similar molecular mass. Small adjacent fractions Sh 26.77 and Sh 28.12 had also similar effects on crabs. Likewise, Bg 26.91, which resulted in Bg 26.91a and Bg 26.91b with molecular masses matching the values of the known sodium channel toxins BgII and BgIII [9, 32, 71] We have noticed that fraction Bg 16.07a, which matched the molecular mass of the type 1 potassium channel toxin BgK, had no effect on crabs. Interestingly, none of the intense last eluting fractions (t R > 30 min) in the reversed-phase profile of B. granulifera (which include APETx-like peptides) was toxic to crabs.
Discussion
Sea anemones are well known to contain protein and peptide toxins, mostly grouped into cytolysins and neurotoxins [1, 63] . For many years, the bioassay-guided isolations of sea anemone neurotoxins have mainly yielded sodium and potassium channels toxins [39] , as well as polypeptides with protease inhibitor activity [63] . However, the recently reported peptidomic and transcriptomic studies demonstrated that the peptide diversity in sea anemones is much more complex [45, 85] than previously known, indicating that new members of known classes of toxins as well as a novel peptide structures, acting on still unknown molecular targets, can be found by using these approaches.
Comparing peptide diversities of three sea anemone species
In the present study, the neurotoxic fractions of the sea anemones S. helianthus and B. granulifera were examined by reversed-phase chromatography and mass spectrometry aiming to describe the peptide diversity in terms of molecular mass and retention in reversed-phase chromatography (hydrophobicity). Moreover, a transcriptomic analysis of B. granulifera was included to reveal new peptide sequence present in this sea anemone species. This is the first peptidomic and transcriptomic study of the neurotoxic fractions of these sea anemones, and the first report that compares the overall peptide composition of sea anemones species belonging to two distinct families (Stichodactylidae vs. Actiniidae).
We found that the neurotoxic fraction of B. granulifera has richer peptide diversity in relation to S. helianthus, as judging by the more complex reversed-phase profile and the resulting higher number of separated peptide components (156 vs. 113 peptides) and toxic fractions (17 vs. 6) . However a similar study of B. cangicum yielded a considerable smaller number of peptide components (81) than B. granulifera, despite both sea anemone species belong to the same genus and their chromatographic profiles share a similar complexity and several similarities, therefore such difference does not seem to arise from the use of different mucus extraction methods (immersion in distilled water vs. electrical stimulation).
Our study expanded to 156 the estimated maximal number of peptides in the neurotoxic fraction of sea anemones. We emphasize the term "maximal number" as we showed that venom peptide diversity varies among sea anemone species. Moreover, likewise the previous study [85] we found some apparent venom composition overlaps. Structural studies will confirm whether a single neurotoxic peptide is present in two or more sea anemone species.
Peptide toxins previously isolated and characterized from S. helianthus and B. granulifera were identified in the present study, with the exception of ShK [14] and ShPI-1 [22] . These toxins seem to be poorly represented in the S. helianthus exudate so it was not possible to detect them by mass spectrometry. ShK occurs in very low amounts either in freeze-dried mucus or in whole body extract [14] , so its purification included a precipitation step by heating the sample at low pH, prior to the chromatographic protocol. Likewise, the isolation of ShPI-1 comprised a precipitation step (trichloroacetic acid treatment) before the chromatographic separation which included affinity chromatography [22] , utilized in many instances as a powerful purification method when the protein of interest is a minor component of a complex mixture [13] .
New APETx-like peptides belonging to the genus Bunodosoma
Our study confirmed the presence of a very distinguishable feature among sea anemone species of the genus Bunodosoma, a group of abundant and hydrophobic 4-5 kDa peptides that elute in the last reversed-phase fractions (Figs. 2B and C and 3B and C), so far comprising type 1 sodium channels toxins and APETx-like peptides. The sodium channel toxins are BcIII from B. caissarum [55] [85] and the new toxins (Fig. 4A) found in our study U-AITX-Bg1a, U-AITX-Bg1b, U-AITX-Bg1d. Two more APETx-like homologous were found, U-AITX-Bg1c and U-AITX-Bg1e, but unfortunately it was not possible to locate them among the peptides found in the examined reversed-phase samples. In previous works it was proposed that APETx-like peptides BcIV, a crab paralyzing toxin, and Bcg 31.16, act on crustacean sodium channels. In contrast, we observed no effect on crabs even at 2000 g/kg, when tested the last eluting reversed-phase fractions of B. granulifera, which include the new APETx-like peptides.
In terms of the possible contact surfaces of these new molecules, Fig. 5B shows that U-AITX-Bg1c and 1d have patches of positively charged and aromatic residues in similar disposition as observed in APETx1 and APETx2 (see Suppl. Fig. 1B for comparison) . On the contrary, U-AITX-Bg1a and 1b have only a single K8, which is positioned close to F5 and W5, respectively, forming a putative basic-aromatic dyad. Consequently, these dyads K8/F5 and K8/W5 may represent a possible contact surface of those peptides, which we suggest may dock onto their pharmacological targets in different spatial orientation than the other U-AITX-Bg1 peptides.
In terms of the electrostatic potential of this family of peptides, we observe a great variety (see Fig. 5C and D) . Curiously, both APETx1 and APETx2 present a similar distribution of positive and negative charges in their electrostatic potentials (see Suppl. Fig.  1B) , however the slight differences among them result in different orientation of their dipole moments and consequently distinct contact surfaces, as reported [15, 16, 25] . Thus, we may assume that the putative dipole moments of each individual toxin will vary drastically, and the putative contact surfaces of each peptide will be also variable. Anyway, only screening of each individual peptide toward ion channels or receptors may clarify their exact targets and the role of specific residues. In addition we can clearly observe strong evidence that APETx-like peptides constitute a very diverse family of abundant toxins in sea anemones belonging to the family Actiniidae. Therefore, new targets of these peptides, as well as new isoforms, await being properly isolated and characterized.
From the genetic point of view, our data are the first to determine the full CDS of these peptides, including their complete precursors. It also suggests that a micro-heterogeneity of precursors (reflecting possibly variable mature toxins in their C-termini) of this group of peptides occurs, by the comparison of U-AITX-Bg1e with the others, U-AITX-Bg1b-d (from B. granulifera) and U-AITXAel1a (from A. elegantissima).
Our results also indicate that the APETx-like peptide family is not present in S. helianthus, a species from a different family. Conversely, type 2 sodium channel toxins are so far represented by ShI in S. helianthus. Moreover, the presence of type 1 sodium channel toxins (or other type 2 members) should not be discarded since fractions Sh 26.77, Sh 28.12 as well as Bg 26.42 (from B. granulifera) exhibited similar chromatographic behavior, molecular masses and effects on crabs, in relation to sodium channel toxins ShI, BgII and BgIII (Table 1 ).
Diversity of crab-paralyzing peptide toxins present in S. helianthus and B. granulifera
Besides the known sodium channel toxins ShI (type 2), BgII, BgIII (type 1) and related fractions Sh 26.77, Sh 28.12 and Bg 26.42 found in the present study, other different sodium channel toxins may be present in chromatographic fractions exhibiting similar effects with lethality to crabs. That is the case of Bg 24.12 and Bg 24.55, which are mainly composed of much smaller peptides (3-3.2 kDa) similarly to type 3 sodium channel toxins Da-I, Da-II, Er-I [36] and PaTX [41] . Another lethal fraction inducing similar effects in comparison with sodium channel toxins is Bg 21.82, mainly composed of an even smaller peptide (2832 Da). The classification of a toxic peptide of this size as a smaller member of type 3 sodium channel toxins should be confirmed by sequencing. Up to date known sea anemone toxins with molecular masses below 3 kDa remain unclassified.
A common feature of the sea anemone species B. granulifera, S. helianthus and B. cangicum [85] is the occurrence of a notable peptide population in the range of 1.5-2 kDa (Fig. 3D-F [85] . Nevertheless, given that the targets on which these toxins exert their effect are still unknown, smaller or larger peptides more represented in some of these fractions might also account for the observed atypical paralyzing effect.
Lastly, toxic fractions Bg 19.68 and Bg 19.25, predominantly composed of 2.6 and 4.8 kDa peptides, provoked a mutilating effect followed by death of crabs. A more exhaustive analysis will reveal whether the peptide toxins implicated in this atypical effect belong to a new class of sea anemone peptides.
Conclusions
Applications of peptidomic/peptidomic and transcriptomic to sea anemone venom studies are just starting, whereas other animal venoms have been more extensively explored. In the present work, the neurotoxic fractions of the sea anemones B. granulifera and S. helianthus were fingerprinted in terms of molecular masses and hydrophobicity. Our study predicted a higher number of peptides than any other study of sea anemones. Moreover we found that type 1 sodium channel toxins and APETx-like peptides constitute the most distinguishable feature of so far studied sea anemone species belonging to Bunodosoma, as they are the most abundant and hydrophobic peptides in the neurotoxic fractions of these sea anemones. We found a variety of crab-paralyzing peptides in both sea anemones; although none of them was sequenced, we expect that the smallest ones (<2000 Da) constitute a new family of toxic peptides, given that no crab-paralyzing peptide toxin of such small size has been previously reported.
